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Various deletions were introduced into the central region of Escherichia coli flagellin (497 residues) without
destroying its ability to form flagellar filaments. The smallest flagellin retained only the N-terminal 193 residues
and the C-terminal 117 residues, which are suggested to be the domains essential for filament formation.

The motility of flagellated bacteria stems from the rotation
of the external flagellar filament. The filament is a helical,
cylindrical structure composed of subunits of flagellin asso-
ciated each other by noncovalent interactions (11, 24-26).
The flagellin of Escherichia coli K-12, encoded by the hag
gene, is composed of 497 amino acid residues (17). Genetic
studies of Salmonella typhimurium (6, 10, 28) and analysis of
the homology pattern of the amino acid sequences (2, 4, 12,
17, 27) suggest that both the N- and C-terminal regions of
flagellin are important for filament formation. Previously, I
reported that E. coli flagellins with small deletions in the
central region still could assemble into filaments (16). Here,
I have extended this approach and have constructed small
flagellins which can form filaments despite large deletions in
the central region.

I had previously constructed plasmids pFD2 and pFD3, in
which the hag gene suffers a deletion and an insertion of the
8-mer HindIII linker (16). The deletions in the gene corre-
spond to 16 amino acid residues from residue 239 to residue
254 (pFD2) and 20 residues from residue 259 to residue 278
(pFD3) of E. coli K-12 flagellin. These plasmids were linear-
ized with HindIII, digested with exonuclease Bal3l (19), and
ligated in the presence of the 18-mer linker DNA 5'-
AAGCTTCCCGGGAGATCT-3', which contains restriction
sites for Hindlll, SmaI, and BglII (neither pFD2 nor pFD3
contains SmaI and BglII sites). The resulting plasmids were
introduced into E. coli C600 hsm hsr hag::TnJO, which is
nonmotile because of the hag mutation (16). From the
transformants, I selected eight strains which could swarm on
lambda motility agar plates (14) and whose plasmids could be
cut by HindIll, SmaI, and BglI. These plasmids were
designated as pFD202 (derived from pFD2) and pFD301,
pFD303, pFD306, pFD307, pFD311, pFD313, and pFD315
(all derived from pFD3). The ability of these plasmids to
confer motility on C600 hsm hsr hag: :TnJO was estimated as
the swarm zone size relative to that of the same strain
carrying pBR322/hag93, which has the wild-type hag gene
(17). Four of them (pFD301, pFD303, pFD306, and pFD307)
conferred ca. 10% of wild-type swarming, three (pFD311,
pFD313, and pFD315) conferred ca. 50%, and one (pFD202)
conferred almost 100% (Fig. 1).

HincIl restriction fragments of these plasmids were com-
pared by agarose gel electrophoresis. Only the 1.7-kilobase
fragment of pBR322/hag93, which includes the entire hag
gene (17), was shortened in each of the deletion plasmids.
From the length of these fragments, it was inferred that
pFD202, pFD301, pFD303, pFD306, pFD307, pFD311,
pFD313, and pFD315 were about 60, 540, 340, 320, 400, 250,

160, and 220 bases, respectively, shorter than pBR322/hag93
(data not shown).
The DNA sequence of approximately 100 bases of each

mutant hag allele was determined in both directions from the
inserted 18-mer linker (Fig. 2). These alleles encode mutant
flagellins which suffer deletions in the central region (Fig. 3).
Artificial amino acid sequences of six residues (pFD202,
pFD301, pFD306, and pFD313) or seven residues (pFD303,
pFD307, pFD311, and pFD315) were present in the deleted
regions of the mutant flagellins as the result of the 18-mer
linker insertion. Among these, the flagellin encoded by the
hag allele on pFD301 (pFD301 flagellin) was the smallest. It
was composed of only the N-terminal 193 residues and the
C-terminal 117 residues of the wild-type E. coli K-12 flagellin
and six artificial residues.

I detected mutant flagellins which had assembled into
filaments and had been released into the culture medium.
Each strain was grown to the late log phase at 28°C. The
culture broth was then heated at 65°C for 10 min to depoly-
merize filaments (13). The supernatant (400 pJ) was concen-
trated by ultrafiltration and analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (18) (Fig. 4). In
each sample, one major band was found. The band from the
strain carrying pBR322/hag93 had the same mobility as that
of the purified wild-type flagellin, and those from the strains
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FIG. 1. Motility tests of C600 hsm hsr hag::TnlO carrying

pBR322 (plate 1), pBR322/hag93 (plate 2), pFD301 (plate 3), and
pFD311 (plate 4). Each strain was inoculated on a lambda motility
agar plate (14) and incubated at 37°C for 7 h. The swarm zone
diameter reflects the motility of each strain.
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ATGGCACAAGTCATTAATACCAACAGCCTCTCGCTGATCACTCAA--AAAAATGGCTCCATGAAAATCCAGGTTGGCGCA
M A Q V I N T N S L S L I T Q K N G S M K I Q V G A

460 470 480 490 500 510 520 530 540
AATGATAACCAGACTATCACTATCGATCTGAAGCAGATTGATGCTAAAACTCTTGGCCTTGATCGTTTTAGCGTTAAAAATAACCATACA
N D N Q T I T I D L K Q I D A K T L G L D G F S V K N N I) T

pFD301 pFD303 pFD311
550 560 570 580 1 590 600 610 620 630

GTTACCACTAGTGCTCCAGTAACTGCTTTTGGIGCTACCACCACAAACAATATTAAACTTACTGGAATTACCCTTTCTACGGAAGCAGCC
V T T S A P V T A F G AT Tr 1 N N I K L T G I T L S T E A A

pFD307 pFD306 pFD315 pFD202 pFD2

|'640 650 1 660 670 680 690 700 7101 720
AC'FGATACI'GGCGGAACTAACCCAGCTTCAATTGAGGGTGTTI'Al'ACTGATAATGGTAATGATTACTATG(,GAAAATCACCGGTCGTGAT
T D T G G T N P A S I E G V Y T D N G N D Y Y A K I r G G D

pFD313 PFD 2 pFD3 pFD202
730 F 740 750 760 770 780 790 800 810

AACGAT'GGGAAGTATTrACGCAGTAACAGTTGCTAA1'GAT'GGTACAGTGACAATGGCGACTGGAGCAACGGCAAATGCAACTGTAACTGAT
N U C K Y Y A V T V A N D G T V T M A T G A T A N A T V T D

pFD3 1 .315
820 830 840 850 860 870 880 890 900

GCAAATACTACTAAAGCTACAACI'ATCACTTCAGGCGGTACACCTGTTCAGATTGATAATACTGCAGGTTCCCCAACTGCCAACCTTGGT
A N T T K A T T I T S C G T P' V Q I D N T A G S A T A N L G

_pFD313 <=33 -pFO306

1910 920 930 940 950 fl 960 970 980 990
GCTGTTAGC1TAGTAAAACTGCAGGATTCCAAGGGTAArGATACCGATACATATGCGCTTAAAGATACAAATGGCAATCTTTACCCTGCG
A V S L V K L Q D S K G N D I D T Y A L K D T N G N L Y A A

-dM307
1000 1010 1020 1030 1040 1050 1060 1070 1080

GATGTGAATGAAACTACTGGTCCI'GTTTCTGTTAAAACTrATI'ACCTATACTGACTCTTCCGGTGCCGCCAGTTCTCCAACCGCGGTCAAA
D V N E T T G A V S V K 1 I T Y T D S S G A A S S P T A V K

_pFD301

1090 1100 1110 1120 1130 1140 1150 1160 1170
CTGGGCCGGAGATGATGGCAAAACAGAAGTGGTCGATATTGATGGTAAAACATACGATrTCTGCCGATTTAAATGGCGGTAATCTGCAAACA
L C G D D G K T E V V D I D G K T Y D S A D L N C G N L Q T

1180 1190 1200 1470 1480 1490
GGTTTGACTGCTGGTGGTGAGGCTCTGACTGCT - GTACCGCACCAGGTTCTGTCTCTGCTGCAGGGTTAA
C L T A G G E A L T A V P Q Q V L S L L Q G *

B
700 710 770 780

pFD 2 TAT GCG AAA ATC ACC GGT GGT Gca agc ttg GTG ACA ATG GCG ACT GGA GCA
Y A K I T G G ala ser leu V T M A T G A

235 238 255 260

760 770 840 850
3 GAT GGT ACA GTG ACA ATG GCG caa gct tgC ACT TCA GGC GGT ACA CCT GTT

D G T V T M A gln ala cys T S G G T P V
255 258 279 280 285

700 710 800
pFD202 TAC TAT GCG AAA ATC ACa agc ttc ccg g a gat ctG GCA AAT GCA ACT GTA

Y Y A K I T ser phe pro g y asp leu A N A T V
235 236 263 265

570 580 1150
301 GCT TTT GGT GCT ACC ACC aag ctt ccc gyg aga tct GAT TTA AAT GGC GGT

A F G A T T lys leu pro gly arg ser D L N G G
190 193 381 385

590 600 * 960
303 AAC AAT ATT AAA CTT ACT Gag atc tcc cgg gaa gct tTG CTT AAA GAT ACA

N N I K L T glu ile ser arg glu ala leu L K D T
195 200 319 320

640 650 990
306 ACT GGC GGA ACT AAC CCA Gaa gct tcc cgg gag atc tAC GCT GCG GAT GTG

T G G T N P glu ala ser arg glu ile Y A A D V
215 217 327 330

620 630 1050
307 TCT ACG GAA GCA GCC ACT Gag atc tcc cgg gaa gct tCT GAC TCT TCC GGT

S T E A A T glu ile ser arg glu ala ser D S S G
205 210 347 350

620 910311 ACC CTT TCT ACG GAA GCA Gaa gct tcc cgg gag atc tGT GCT GTT AGC TTA
T L S T E A glu ala ser arg glu ile cys A V S L

205 209 300

720 730 910 920
313 GAT AAC GAT GGG AAG TAT aga tct ccc gqg aag ctt AGC TTA GTA AAA CTG

D N D G K Y arg ser pro gIy lys leu S L V K L
240 244 302 305

650 660 910
315 GGA ACT AAC CCA GCT TCA Aag atc tcc cgg gaa gct tGT GCT GTT AGC TTA

G T N P A S lys ile ser arg glu ala cys A V S L
215 219 300
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FIG. 3. Deletion maps of mutant flagellins. The amino acid (a.a.) residues of the wild-type flagellin are numbered from the N terminus. The
deleted region in the flagellin encoded by each plasmid is indicated by broken lines, and the endpoints are indicated. The molecular weights
calculated from the DNA sequences and the numbers of deleted amino acid residues are also shown.

carrying the other plasmids had higher mobilities, with
apparent molecular weights in accordance with those pre-

dicted from the gene sequences. The amounts of flagellins in
the cultures were determined by densitometry. The strain
carrying pFD301 produced about half as much, on a weight
basis, as that carrying pBR322/hag93 (4.4 versus 8.8 mg/ml
per unit of optical density at 650 nm), corresponding to about
80% as much on a molar basis. Molar ratios for other mutant
flagellins were similar (data not shown). Thus, mutant flag-
ellins have an almost normal ability to be excreted.
The amino acid sequences of both the N- and C-terminal

regions of flagellins from various bacterial strains and spe-

cies are highly homologous, in contrast to the central heter-
ologous region (2, 4, 12, 17, 27). Between E. coli K-12
flagellin and S. typhimurium phase-1 flagellin, the N-terminal
170 residues and the C-terminal 140 residues show 80 and
60% homology, respectively, whereas the central region
shows only 20% homology (17). Interestingly, pFD301 fla-

gellin is composed simply of two parts, corresponding al-
most exactly to these homologous domains (Fig. 5). pFD301
flagellin seems to be nearly the smallest functional form of E.
coli flagellin. As it was excreted almost as well as the
wild-type flagellin (Fig. 4) and assembled into filaments,
although in small quantities (data not shown), the N-terminal
193 residues and the C-terminal 117 residues of E. coli K-12
flagellin appear to be the functional domains essential for
filament formation, with the central region playing no such
role. However, large deletions may cause some stress in the
conformation of the flagellin, leading to less-stable interac-
tions between flagellin subunits and between flagellins and
other flagellar proteins (5, 7-9).

Three-dimensional images of the flagellar filament of S.
typhimurium proposed by two groups show that the flagellin
has three or four domains (24, 26). It is interesting to
consider that these structural domains may correspond to
the terminal and central domains in this study. The central

FIG. 2. DNA sequences of the mutant hag allele and the corresponding amino acid residues. Two HindlIl and BamHI fragments of each
plasmid were cloned onto M13mpl8 phage DNA (22, 29), and their DNA sequences were determined by the dideoxy method (23). (A) Deleted
regions are indicated by the arrows on the wild-type hag gene. Into these deletions the 18-mer linker was inserted in the orientation
HindlIIl-SmaI-BgII in pFD202, pFD301, pFD306, and pFD311 and in the opposite orientation in the other plasmids. The asterisk indicates
the stop codon. Some parts of the sequence are abbreviated (broken lines). (B) DNA sequence and the corresponding amino acid residues
of the juncture regions are shown. Nucleotide bases of the wild-type hag gene are indicated in uppercase letters and numbered from the
initiation codon; those of artificially inserted 18-mer linkers indicated are in lowercase letters. Amino acid residues of the wild-type flagellin
are indicated by one-letter abbreviations in uppercase letters and numbered from the N terminus; artificially inserted ones are indicated by
three-letter abbreviations in lowercase letters. In the hag gene on pFD303, the C at base 956 (*) is changed to a T.
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FIG. 4. Detection of mutant flagellins. Extracellular samples
from C600 hsm hsr hag::TnJO carrying pBR322/hag93 (17), pFD3
(16), and pFD301, pFD303, pFD306, pFD307, pFD311, pFD313, and
pFD315 (see text) were analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (10% acrylamide). The gel was
stained with Coomassie brilliant blue R-250. In the rightmost lane, 1
pg of the purified wild-type flagellin (17) was loaded. In the leftmost
lane, markers (phosphorylase b, bovine serum albumin, ovalbumin,
and carbonic anhydrase) were loaded. The molecular weights of
these markers are indicated (in thousands [K]).

heterologous domains of the wild E. coli K-12 flagellin
deleted from pFD301 flagellin may correspond to the "S and
M domains" of Shirakihara and Wakabayashi (24) and to the
"outer domain" of Trachtenberg and DeRosier (26). I sug-
gest that such a specific organization of the functional and
structural domains is common in various bacterial flagellins;
such an organization may be important in explaining the
large variations in flagellin molecular weight (1-4, 12, 13, 15,
17, 20, 21, 27) and H antigenicity.
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FIG. 5. Correspondence between the sequence of pFD301 flagellin and the highly homologous domains of the flagellins of E. coli K-12 and

S. typhimurium (in phase 1). The numbers indicate the positions of the amino acid residues in the wild-type flagellin. pFD301 flagellin is shown

in the same way as in Fig. 3. In the matrix comparison, each dot corresponds to a consecutive-residue stretch of identity between the two

sequences at the respective positions shown.
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